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Al]  S’J’ltACT

‘J’his  paper present ncw and synthetic narrow Land photo]  nciry  of clliptica]s,  spirals, Scyfcrts  ancl

iIltcracting  galaxies in an attempt to identify tlic cause of the unusually high  fraction of blue cluster

galaxies in distant c]ustcrs  (}]utchcr-Ocmlcr  cflcct). ‘1’lIc propcriics  and clistrilmtioI]  of tlic low rcdshift

sample spccifical]y  points to starbursts as the o]igin  of tllc blue narrow band C O1OIS in interacting Arp

galaxies. Comparison bctwccn  theoretical models and multicolor diagrams, particular)  4000~  break

colors, indicates a. photometric signature whic}l cliffcrs from botlI  normal disk galaxy star formation and

]]ollthcr]na]  componcnt,s. ‘1’his  pl]otomctric  signature is absent for tllc llutchcr-OcInlcr  galaxies whose

genera] color distrilmticm,  co]]] pared to prese]~t- day  clusters, is co]lsistcnt  with a majority of the blue

]Jopulation  i]~volvcd  in normal star formation rates (spiral- like) with the addition of a sInall  fraction of

bright, blue interacting/merger systc]ns. ‘J’his  photometric picture of the JIutc}]cr-  ocm]cr galaxies is

in agrccmcnt with the moropllo]ogical  cvidcncc  fro]n  IJS’J’  imaging.

Suhicci  hcadinos;  ~alaxics:  thotomctrv  - ~alaxics:  s tarburst  -  Ealaxics:  cvolutio]l. ._, a . <. . .



1. IN’J’JLODUCTION

ln{ormatio])  gleaned from sJmctrocncrgy  distril)ution  (SIIH 1s) of galaxies arc kcy to our understanding

of their  age, mctal]icity,  stellar population content and star formation histories. Analysis of SE]) data

IIas usually invoked either population synthesis, which uscs a library of spectral templates (1’icklcs 1985),

or evolutionary modc]s,  a mct}]od  of convolving st,cl]ar  isochroncs  with star formation rates and initial

masss functions (Rruzual  1983, Arimoto and Yoshii  1986, Guidcrdoni  and Rocca- Volmcrangc  1987).

III this series of papers (Fiala, ILakos and Stockton 1986; Rakes, Fiala and Schombcrt 1988; ltakos,

Schombcrt  and Krcidl  1991; Rakes and SchombcI  t 1995), a system of narrow band filters have Imcn

used to rcplacc the S111) sampling at the sacrifice of resolution for a gain in signal-to-noise. And, just  as

stellar models arc tested by  prcdic.tions  of i]li,egrat,cd quant,itics  SUCII  as total luminosity, mass, radius and

cfl’cctivc t,cmpcraturc,  population synthesis results  can then bc tested by comparison to ]Jrcdictions  of

ill tc.grated stellar content and mciallic.it  y of a. galaxy as given by narrow Land incliccs. “1 ‘II us, t hcorct  ical

models, whic}l produce spectra] energy distributions as a function of age, can bc convolved to produce

synthetic colors for comparison to narrow ba]]d observations at various rcdshifts.

our project has approached this problc]n  LIIIough  LIIC usc of a modified !Nromgrcn  filter systmn  callcxl

UZ, Vzj Lz, yz to distinguish it from tllc original UVLV systcm. Our primary goal was to invc$tigatc  the

color evolution of cllipticals,  testing the IIypotlmsis  that clliptica]s  arc the result of a single burst  where

all the stars formed at an epoch near the time of galaxy formation and later aged through passive stdlar

evolution. IIowcvcr,  in the previous paper in t,llis  series (lkkos  and Sc}lombcrt  1995), the data rcvcalcd

au cxtcndcd  llutchcr-Ocmlcr effect (the incrca.si]]g  fraction of blue to rcd galaxies in distant clusters)

out to rcdshifts  of 0,9 and containing up to 80C% of the cluster population as blue galaxies (versus the

previous values of 40!% at red shift of 0.4). I)cc]) 11 S’J’ images of intermcdiaic  rcdshift clusters (I)resslcr

ci al. 1994a,b)  indicate that, while the brightest blue galaxies }]avc disturbed morpllologics  suggestive

of an origin of their blue colors fro]n  tidally induced st,ar formation, a majority of Ll)c 13ut,chcr-Ocnllcr

galaxies have normal, ]atc-type morpology.  ‘J’}Ic  goal of t}lis  pa])cr  is to cornbinc  tllc information obtained

from narrow band photometry of nca.rby  s])irals,  starburst,  Scyfcrts  and interacting galaxies i]] order



to search for signatures of starburst  activity that can then bc linked to the u-z, VZ, k, VZ plIoton~ctry  of

llutchcr-Ocmlcr  ,galaxics in distant clusters.

‘1’hc  proccdurc  used herein is fourfold. First, the UZ, v.z, hz, yz systcm  will bc linked to the original

Stromgrcn systcm for stars to establish a baseline stellar scqucncc.  %cond,  synthetic. colors for a range of

galaxy types will bc produced to map the behavior of the w, VZ, k, yz systcm  on galaxies with composite

stellar populations and varying star formation llistorics. ‘1’bird, photometry of interacting/rncrgcring’

galaxies will be prcscntcd  to understand the signature of starburst  phenomenon in galaxies. And lastly,

comparison of the above data will bc rnadc to high rcdshift clusters to examine tlIc  hypothesis that blue

cluster galaxies arc the result of similar starburst  activity.

2. I’I1OTOMETIUC PROI’lWJ’IES  OF’ ‘J’IIE UZ, 112,, t)%,  yz COl,OR SYS’J’l+:h!

“1’l]c Strbmgrcn  uvby  filter system and its extensions (Stromgrcn  1966, Wood 1969) were clcvclopcd

to provide an accurate means of measuring tl)c  tcmpmaturc,  cl]cmical  conlpositioll  and surface gravity

of stars, without resorting to high resolution s~)cctroscopy,  by selecting regions of I,llc stellar S1’;1) for

narrow band photometry which arc particularly sensitive to these spcciflc  properties. ‘J’his  provided

an clhcicnt  and quantifiable method of samp]illg stellar types without tllc usc of qualitative spectra]

c.lzmification  (e.g. the MK scheme).

‘J’hc  uvhy  system, modified for this project and designated as the w, VZ, l=, YZ systcm, COVCrS tllrcc

regions in the near-UV and blue portion of the sj]cctrum  (SCC Figure 1 of Rakes and Schombcrt  1995).

‘J’hc first region is longward of 4600~, where the influcncc  of absorption lines is minor. ‘J’his  is chara-

cteristic  of the Lz (4650~)  and y.z (5500~)  filters which produce a continuum C O1 OI index, kz -- yz,

free of metal and surface gravity cfIccts.  T’hc second region is a band shortward of 4600~,  but above

the }Jalmcr  discontinuity. ‘J’his  region, covcrcd  by  our v,z (4 100~)  Jlltcr, is strongly influenced Ly metal

akorption  lines (i.e. l’c, CN) particularly for spectral classes 1“ to M which domi]]atc  the contribution

of light  in galaxies. ~’hc third region is a band shortward of 4000~, below t}lc cffcctivc limit of crowding

of t]]c IIa]mcr absorption lines, t])e so-called 4000A break. ‘J’]lc  4000A break has bccll  used by  several

studies as a measure of the cvolutiol]  of ga]axics  (I]alni]ton  19&5, Spinrad  19~(1,  ] )rcsslcr and Sllcctman
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]987,  Kimblc  et al. 1989) and the uz (3500~)  filter is a good measure of tllc hluc  side of this feature.

‘J’IIc vz filter is in a good position to sample tlIc  rcd siclc  of the 4000~ break with Inain  translnission

bctwccm 4050~  and 4250~  a]]d, thus,  t}lc wz – vz color is a convenient measure of this feature.

Our slight redefinition of the Strolngren  systcm was primarily made to allow for a ncw dcfillitiol]  of

the Muc  side of the uz filter and to link tlIc  pl)otomctry  systcm  with tlw more reliable spcctrophotolnctry

standards that arc now rapidly appearing in the literature. ‘J’hc original u passballd  in tllc StrtiIngrc~i

systcm is produced by the combination of the ultravio]ct  cutoff of the I’;arths  atmosphere and a rcd

blocking filter. IIut, as soon as the observations concern redslliftcd  filters (such as distant clusters of

galaxies, scc ILakos and Schombcrt 1995), tlIc  tral)smission  ccnicr of tllc filter is movccl longwa.rd  and,

since tllc atmospheric cutoff dots not rcdsllift,  l,}Ic filter widens. Our solution is to substitute I,hc original

IL filter by a 200~ wide intcrfcrcncc filter, caltcxccl  at the original u filter transmission) peak. I lowcvcr,

tllc intcrfcrcncc filter is sligl]tly  narrower t]lan  the original Strthng-rcn  u filter aIld produces a slight color

term with respect to tllc IICW u.2 systcln (SCC tm]ow).

in this section, the w, v.z, h, yz systcIn will bc related to the original Str61ng;rcn systcm for com-

parison to model atmospheres in tllc lit,craturc  and to gcncratc an understanding of tlIc  propcrticx  of

tllc photolnctry  systcm as it app]ics  to the stellar ]Jopulations  in galaxies. q’here arc two methods which

can bc used to derive the necessary transforl  nations. First, the model atmospheres of Kurucz (1979)

and }IC1l  and Gustaffson  (1978) can bc convolved with the UZ, VZ, k, yz filters and compalcd to the

thcorctica] uvby  indices of those models in l,cstcr ct al. (1 986). ‘J’his  first Incthod  was dcscribcd  in

ltakos  ct al. (1 991), but with only limited succcss  duc to tl~c lack of range in stellar types.

‘J’IIc second method is to usc spcctrop}lotoIncLric  standards where the Stromgrcn indices arc derived

from spectrum scans. ‘J’his  second, ancl  more rcalisticj  method was performed by collecting 31 stars

fro]n  the literature with known spcctroplloto]nctry  and measured Str6mgrcn  photometry to for]n  tl]c

transformations. ‘J’hc  sample is  froln  the 11{S Standard  Star Mal]ual  (I]arncs a.]id }Iaycs  1 9 8 4 )  p l u s

a.dditiolla]  standards from Gunn and Strykcr  (1 983). ‘J’llc Stromgrcll  color indices arc from Ilauck and

Mcrlni]liod  (1980). ‘J)hc resulting transformations arc:



(ik -- yz) = -0.268+ 0.937(lJ  -- y) (1)

?nz== --0.294+  1.092nz1 –0.017(b–y) (2)

CZ=0.234+1.034C1  - 0,152 (b– y). (3)

N o t e  that  ml and c1 are the old Str&ngrcn  lnetal-line  and surface gravity indices given as ml =-

(V – b) -- (b – y) and c1 = (u – v) – (v – b). ‘1’lIc accuracy of tl]c nuz and cz t ransformations is  30.02

magnitudes.

As lncntioncd  above, tllc amplitude of t}lc  4000~  Lrcak  is related to the U,Z -- vz color index. A

colnparison  of the break values 1~4000  (1 )rcsslcr allcl Shcctlnall  1987) for the galaxies in 53 and the

uz - vz index reveals a linear regression of

20510g D4 0 0 0  = 0.646(uz  -- w)+ 0 , 2 4 5 (4)

with a correlation cocficicnt  of 0.91. ‘J’hc  4000~  break is correlated with effective tcmpcraturc,  surface

gravity and mctallicity  in stars. However, for an illtcgratcd  stellar population, it is prilnarily  a tcnlpcr-

aturc indicator (SCC Hamilton 1985 for a full discussio]l  of the properties of the 4000?i  break in stars

and galaxies). Thus, the amplitude of the break is particularly sensitive to galaxy evolutionary effects

SUC}I  as tl~c mean agc  of tl]c  stellar population (I)osition  of the main scqucncc  turlloff  point) and any

rcccllt cpoc]]s  of massive star formation (prcsc]lcc of hot, young stars). q’his will also bc tllc role of the

w — vz index.

3. ~’WO-COLOli  I)IA(3RAMS  11’Olt  I’IIII; U.Z, 1)2, bz, Yi? SYSTEM

‘J’hc  three primary stellar atmospheric parameters arc surface gravity, metal content and tcnlpcr-

at urc. ‘1’hcsc ihrce parameters also dominate tllc int,cgratcd light from galaxies cxccpt that surface

gravity bccomcs  the ratio  of dwarf to giant stars ill tllc Composite  population and tclnpcra,turc  bccomcs

tlIc mean age of the stellar population as given  by tllc position of the turnoff point and the contribution

of massive, young stars. ‘1’heir conlbina,tion  dctcrlnincs  OUI il)tcrprctation  of multicolor ~)llotonlctry  of



.galaxics  as guided by  models of galaxy cvolutiol)  (SCC  ‘J’illslcy 1980 for a review of the topic). ‘J’llc  visual

light  froln most normal galaxies is dominated hy giants, with tl)c  low mass main scqucncc  stars playing

a minor  role (Rose 19S5). 7’l]c  metal content of nlost  giant galaxies is bctwccn  solar and O. I of solar

(Scho,nbcrt  ci! al. ]993, IIurstcin  ]985), in previous papers, i t ]las been shown that the color  index

k – yz is relatively free of rncta] and surface gravity effects. ‘J’hc  vz -- yz index is also free of surface

gravity effects, but is sensitive to the metal content of a ga]axy.  ]n addition, the uz – VZ, w --- yz and

mz indices can bc used as a signature of hot stars (i.e. rcccnt star formation and mean age)  duc to

tllcir  sensitivity to the total near-UV flux of a galaxy,

III this section, the spcctrophotomctric  data published by  Gunn  and Strykcr  (1 983) has been used

to build two-color diagrams for stars in our nlodificd  Strthgrcn  systclm. I’igurcs  1 and 2 display the

synt]lctic  colors for 162 standards of the Gull  I1-Strykcr  catalog. For & – yz vs vz – yz, an cxccl]cnt

corrc]ation  exists bctwccn these two colors, as would bc cxpcctcd,  but  this correlation is surprisingly

indcpcndcnt of the mean surface gravity (i.e. stclla~  type). Note that the reddening vector is paral]cl  to

tllc star scqucncc,  ‘J’llc derivation of the reddening vector according to Sinncrstad (1 980) and Crawford

(1975) is

E(q) = o.2oE(b  -- y )

and

from which it can bc shown that

(5)

(6)

(7)

(8)

(9)



E (VZ -- y.z) == 1.61 E(bz -- y.z) (10)

E(kz -- yz) :- 0.72E(1J  - V ) . (11)

‘1’hc ratio of total to selective absorption is 3.3, according to Morcno and Morcno (1 975), and it follows

tha t

A(V) == 4.58M(&  – y.z). (12)

‘J’bus, the reddening vector is parallel to the stellar scqucncc  for vz – yz vs k – y.z and slightly orthogonal

for w -- vz vs k -- yz.

For ihcsc color indices, mctallicity  effects arc more dominant than surface gravity effects. Unfor-

tunately, spcctrophotomctry of stars with low lnctal  content is rare. ‘J’o investigate the variance with

mctallicity,  35 stars were collected from the literature with the [1~’c/11] equal or less than --1.5 (Olsen

1983,  Francois  1986, Magain 1987 and Tourkin t-d al, 1985) and their spcctrophotolnctry  was trans-

formed to our color system. Within the range 0.2 < & – yz < 0.8 the color indices form a linear

sequence such that

(VZ - y.Z) == -0.227+ 2.524(Iw - yZ) (13)

with a correlation cocfflcicnt  of 0.97 (see solid lillc  in the Figure 1). l’he difference in Figure 1 bctwccn

the solar mctallicity  stars from the Gunn and Strykcr  spcctrophotomctric  catalog is evident, but not

overwhelming. Similar deviations for stars of different metal content in mz  index is also present, but  this

was previous] y known from Strbmgrcn  photometry st u dies (SCC Gust aflson  and Del] 1978). ‘1’hcrcforc,

mctallicity effects are not pxpect, to strongly influence the discussions on star formation histories of

galaxies.

‘J’hc second set of two-color diagrams is the uz -- vz vs Lz - yz diagra]n  alscj  shown in l’igulc  1. I,OW

tcmpcraturc  red giants arc WCI1  separated from dwarfs in l~igurc 1, but  l,hc stellar types become blurred

for colors Mucr than b,z – yz = 0.4. ‘J’lIc  bcl]avior  of stellar types in t}lis  diagra]n  is similar to broadband
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two color diagrams (e.g. Johnson UllV)  with its classic “S” sl]apcdsequcncc.  q’l~ctllirdal~clfourt}~  set

of two-color diagrams arc h — yz vs ntz and I(Z - vz vs m.z, where the distrilmtions  arc idcntica.]  for

tllc various stellar types. Iiowcvcr,  note that the reddening vector is orthogonal to the stellar scqucnccs

in both diagrams.

l’or comparison to the stellar scqucnccs, Figures 3 and 4 display the same diagrams for bright

galaxies of various IIubblc  types. The galaxy data arc computed synthetic colors from high resolution,

IIigh signs]-to-noise spectra published by  Gumi and Okc (1975), Ycc  and Okc (1 978),  I)c l~myn  and

Sargent (1 978), Kcnnicutt  (1992a) and Asliby  ci al. (1 992). ‘J’hc  galaxies arc broken into four c]asscs;

clli~)ticals,  sl)irals,  Scyfcrts  and starbursts,  a.lld ~)lottcd as sc})aratc  s y m b o l s  ill l“igurcs  3 and 4.  in

general, for the vz – yz vs k -- yz plallc, IIorlna]  galaxies (clliptica]s  and spirals) follow the stellar

scqucllcc outlined in ]~’igurc 1. Scyfcrt  ga]a,xics arc b]ucr tl)a]l s~)irals  (the bluest objects arc all Scyfcrts),

but lic near tllc stellar sequence. Note that tl]c  sl)c[-.tro~)llot01~lctry  from whit]] these synthetic colors arc

based, IIavc  been observed with small apcrtu]c  or slit sizes. ‘J’l]us, these values arc strongly illflucllccd

by tllc nontllermal  continuuln  colnponcllt  ill Scyfcrts (the filters avoid most, of tllc strongest emission

lillcs).  l,astly, starburst  galaxies deviate from tllc trend for l]ormal and Scyfcrt galaxies by  lying WC1l

below tllc stellar scqucncc,  having bluer vz – yz colors for their hz – y.z index (i.e. extra UV flux).

])warf stars arc numerous in galaxies and arc a dominate portion of the mass, but  their integrated

light has a minor influence on the total color  of a typical bright  galaxy (Itosc ] 985). ‘J’hc uz -- V,Z vs

h – yz diagram is the most sensitive to changes, stellar types (main scquencc  to giants). IIowcvcr, the

galaxy data displays little indication of any cllangc  ill t}lc  dominate stellar type with respect to the

i]ltcgratcd light. No diffcrcnccs  between cllipticals  and spirals arc distinguishab]c  even though there arc

cxtcnsivc  diffcrcnccs in their stellar popu]atio]ls.

For a reddening comparison, tllc position of a 1101 star is marked in Figures 3 and 4 along with the

reddening vector for that same star under 3 magnitudes of cxtinctioll.  ~’hc data ill 1{’igurcs  3 and 4

CO1lfirlns  results from previous studies of starburst  galaxies that tllcir position in the uz - vz vs 15.z  – yz

dia.grain is similar to that of an object wit]l  a, very young, hot st,cllar  population shrouded in gas and

9



dust. Under this interpretation, many of the starburst  galaxies show a intrinsic rccldcning  of lwtwccn

0.5 to 3 lnags of extinction.

in both mz  plots for galaxies (see Figure 4), the starburst  galaxies arc well separated from the

normal clliptica]s,  spirals and Scyfcrts,  and arc distinguished by consistently havi~lg mz  values of less

than –0.2. As with Figure 3, the reddening vector is shown with an origin of a }lOIa star and 3

magnit  udcs of extinction. It is clear from t}mc plots that the mz index provides the best s ignature

for a starburst  phenomenon in galaxies and both l“igurcs  3 and 4 suggest that the narrow band optical

l~ropcrties  of starburst  galaxies arc do~ninatcd  by a strongly rcddcl~cd,  young stellar populatiolI,  as OIJC

would expect from their far-llt  prol)crties  (SCC  1 lcvcrcux  1989).

‘1’lIc reddening of individual galaxies can bc estimated using reddening free parameters introduced

by Strbmgrcn. ‘J’hc  w, VZ, bz, yz photometric system has similar expressions:

[hZ - yz] =- (k - yz) - 0.66E(}1  -- V ) (14)

[uz -- 02] == (UZ - 02) - o.671;(&  - yz) (15)

[Vz - yz] == (Vz - yz) - l. GIE(bz - yz) (16)

[nzz] == mz + 0.3911(bz - yz) (17)

[C.z] = m - O.ow!(k - y.?). (Ifs)

]n this manner, an estimate of the unknowl]  alnouni  of reddening can be made and, thcrcforc, our

indices will only be dcpcndcnt on the age and the total mass of the sta.rburst.  ‘J’hcsc  arc still highly

dcgcncratc  quantities, however, the color indices can  be decoupled fro]n  tlic non-cvolut,iollary  ~jropertics

of the galaxy.

4. UZ, V.Z, 62, YZ INDICES ANI) M’AltJIURSrl’ LIOI)I:IS

‘1’hc dcpcndcncc  on age and burst  strcngtl)  of tllc underlying stellar population can  bc calibrated

using theoretical models of starburst  galaxies. ‘l)o this cncl, the S1{;1) nlodcls  of l,citllcrcr  and IIcckman
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(1 995) have been used to construct synthetic colors in ordcr~follow  changes in the u.z, VZ, 6z, yz color
/’

indices with the time.

‘J’o illustrate the changes in our four colors (ntz, w – VZ, V.Z – yz and bz -- yz) two different Inoclcls

were considered. ~’hc first is a combination of a standard elliptical (mz = --0.02, w -- V.Z =-: 0.89;

k – yz == 0.35 and vz – yz = 0.68,  scc Scholnhcrt  et al. 1993) with a starburst  of total  ]nass  106ikfo,

solar mcta]]icity,  a Sa]tpcter  IMF (x D 2.35) al)d  tLI1 upper  mass limit of 100 kfo. ‘J’])c cvo]ution  of the

colors is shown in Figure 5 for three cases; onc where the elliptical galaxy has the same total luminosity

as the starburst  (solid line), the second wllcrc the elliptical galaxy is onc magnitude fainter than the

starburst  (dotted Iinc)  and the t]lird wllcrc tllc elliptical galaxy is onc magnitude brighter tl]an  the

sta,rburst  (dashed line). Note that t]]c luminosity, rather than burst lnass, is used for norlnalization

and tllc brightness of the burst is ta,kc]i as the peak luminosity at 5500~ immediately after tllc start

of the burst (t = 106 years). Several obvious trends arc visible in JOgurc  5. All the color indices Inovc

l}rogrcssivc]y  fro]n  b]uc to rcd as t]]c burst  ages, alt,]lough this progression is not ncccssary  smooth duc

to subtlct,ics  in the combination of

a rcd  bump a t  log i = 7.9 due to

al~d k — yz approach the rcd color

lhc stellar tracks of various stellar masses. Vor example, tl]mc is

a post-AGll  phase. Another notable point is that  both V.Z – yz

of an cl]iptical by 108 years of the initial burst, making;  starburst

detection difficult in a relatively short time.

Surprisingly, the 4000~  break color, uz -- VZ, is the least sensitive index for detecting a past burst

event. I’hc w – vz color approaches an elliptical va]uc  after only  approximate] y 107 years, indcpcndcnt  of

burst  strcngt}~ rc]ativc to the luminosity of t]]c! undcr]ying  population. F’igurc 1 in Rakes and Scllombcrt

(1 995), where the spectrum of an old composite IJopulation  (17 Gyrs)  is compared with onc of a young

popu]atjon  (].5 Gyrs), depicts this effect. A strong,  intcrmcdiatc  agc  population actually produces more

flux in the V.Z band relative to the uz band duc to a heavy IIalmcr contribution fro]n  A stars. q’his,

in turn, implies a faster evolving wz — vz index once tllc O and D stars bccomc  into rcd giants. ‘1’his

would also explain w}ly tllc 4000~  break has ~)rodllccd mixed results as an indicator of galaxy evolution

in low to intcrmcdiatc  rcdshift samples (SCC  1 )rcsslcr 1987) since  an artificial reddening of the index

would appear to mimic normal clli])t  icals  if otllcl  colors were not measured for comparison. ‘J’his  is also
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cvidcni in our previous work on high rcdshift  clustcl blue galaxies (Rakes and Schombcrt 1995). l’igurc

5 of that paper demonstrates that although tllc UV flux of this population changes dramatically beyond

z == 0.6 (as measured by  w – yz),  the uz

galaxics$ ‘Mc rcd rise in uz – V.Z colors at

hz – yz and indicates that blue galaxies arc

than 4000A colors.

The mz index is the most sensitive of al]

— vz colors arc indistinguisl]ab]c  from the lower rcdshift

log t = 7.3 has a corresponding blue dip in vz - yz and

better sclcctcd  by  longer baseline contil]uum  colors rather

our indices to the cxistcncc  of all underlying burst popula-

tion having the largest magnitude change during the aging of the burst. And, significa~~t  diffcrcnccs  arc

visible up to 5 x 108 years, providing a greater range of detection for the mz index. ‘J’IIc sharp rcd bump

at 108 years is duc to a sudden onsci  of post gial)t  branch supcrgiants  fro]n  tllc illitial burst, however,

“i ‘( ]t s)timc phase is small. Notice  this bump is strcmgcr  for a stronger burst  duc to a larger numlmr  of

int,crlncdiate  mass stars climbing the AGI].

‘J’hc  second cxpcrimcnt  with the tllcorct,ical  models of l,cithcrer  and IIccklnall  is tile co]nbillatioll  of

a spiral, with co]lstant  star formation, and a burst  as shown in l’igurc  6. 1)] this example, the S11 galaxy

NGC 3227 was selected. NGC 3227 displays a moderate ICVC1 of star forlnation  (Kcllllicutt  1992b)  with

nominal colors of 7722 = –0.05, u.z – vz == 0.55, Zu – yz == 0.22 and vz --- yz == 0.39. ‘1’hc  three curves

in Figure 6 are the same as in Figure 5 with the initial burst set to 1 mag below the luminosity of

the spiral at 5500~  (dashed line), equal in luminosity (solid line) and 1 mag above (dotted li]lc).  ‘1’hc

trends in Figure 6 are the same as was found for an elliptical plus star burst colr~bination,  however,

the separation between the various burst  strcngt]ls  is lCSS  distinct ill t}le early cpoc}ls duc to tl]c fact

that the underlying population is already fairly blue  from tl]c  constant disk star formation typical to a

sl)iral.  Again, note that the uz –- vz colors  reddcll faster tllall ally of tl~c other filter combinatiol]s  and

that the stronger the burst, the redder t,hc peak at log i == 7.3, opposite to initial expectations for blue

filters. Also, as with the clliptica] plus starburst  ]nodcl, the  7712 index is the most sensitive to detecting

a past starburst event. I~or both tllc elliptical and sl)ira] u}lderlying  models, nz,z has tllc slia]]owcst  s101}c

with time and will show cvidcncc  of a past starburst  lol]g after tllc ot}lcr color indices llavc ap])roachcd

quicsccllt  colors.
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5. NARROW lIANI) 1’110’J’OMNJ’lLY 011’ AIW/hlARKAltlAN  GA1#AX1lX

‘1’o coxlfirm the previous sections results based o]] synt}~etic  colors from s~)ectro~)llotolllctry,  new

narrow band photolnctry,  in the same filter sets as used for our high rcdsllift  work, was obtained  for 13

Arp and Markarian galaxies. The sample, listed in ‘J’able 1, was sclcctcd  based either on their far-IIt,

submillimctcr  or emission line properties to bc systems of cxtrcmel y high  currcn  t rates of star formation

and/or high molecular gas content, or by having a dist urbcd morphology suggestive of a rcccnt merger

of a gas-rich spiral (see Schombcrt  et al. 1990). !l’a.blc  1 presents the galaxies sclcc.tcd  where column 1

displays the galaxy name, column 2 contains the galaxy coordinates (epoch 1950) and column 3 displays

the galaxy rcdshift.

‘I)hc CC]) data for the Arp/Markarian  san~~)lc were obtained on the I,owcII observatory IIall  (1 .&n)

and l>crkins  (1.1 m) tclcsc.opts. ‘1’lIc imaging dcvicc on tl)c  1.&n tclcscopc  was a T] 800 by 800 CC])

wit]) an ilnagc scale pas) 0.86 arcsccs per pixel.  ‘1’lIc 1.1 In tclcscopc  imaging dcvicc was a ‘J’cktronix  512

by 512 CCD also with an image  scale of 0.86 arcsccs pcr pixc]. 2’I]c 1.8n1 obscrvatiol]s  WCIC obtained on

1-4 Ott 1993. ‘1’hc  1.1 m observations were obtained 23-28 Jun 1994. All tllc Arp objects were imaged

on the 1.8nl  telescope, t,hc brighter Markarian  galaxies were imaged on the 1.1 m tclcscopc.  ltxposurc

times varied from 150 to 300 sees under photometric conditions with multiple fralncs pm filter being

co-added to increase the signal-to-noise and eliminate coslnic-ray  events. ‘] ’wilight  flats were obtained

for all four filters. ‘1’llc data were calibrated for both runs using the spcctrophotomctric  standards 111)

19445 ,  111’) 192281,  I“cigc 15, 111) + 404032,  1111 + 20 4211, 111) 161817 and IID -i 26 2606  (Massey

a! a/. 1988). Aperture photometry, ccntcrcd  on regions of peak intensity, was  performed using the

lltAII’  reduction package after erase line subtraction and flattcming.  Corrections for Galactic reddening

followed the prescription of llurstcin  and llcilcs (1 978). Small k-corrections to final colors follow the

proccdurc  outlined in l“iala,  ltakos  and Stockton (1 986). For  the rcdshifts  of tl]c  selected galaxies (see

Table 1), these corrections were always less than 0.02 in ??22. lsol)hotal  maps froln  the yz images arc

prcscntcd ill Vigurc 7.
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In addition to the photometry of sclcctcd regions and tl]c  isophoial  maps in F’igurc 7, yz surface

brightness profiles of each galaxy whcro also allalyzcd. I)UC to the well-known irregular isophota]  shapes

of the sam~dc  galaxies, ellipse fitting was ]lot prac.tics] or mcalliugfu].  lnstcad,  a proccdurc  of extracting

wedge cuts along the minor and major axis was used. ‘J’hc ]~urposc of these profi]cs  is a simple comparison

to an exponential or rl/4 shape, not a full structural analysis. As an illustration, the profile for Arp

16911 and C, two V]J4 profiles, is plotted in l“igurc  8,

‘1’hc  photomciry  can bc found in ‘J’able 2 where the galaxy region designation from Figure 7 is listed

in column 1, aperture size in pixels in column 2, uz - V.Z color in column 3, vz — yz color in colu)nn  4,

k – yz color in column 5 and nlz in colulnn  6. A])crturc photolnctry  is used in this study since the

synthetic  colors from spcctropllotomctry  is prcdomillatcly  from slnal]  slits or apertures ccntcrcd on tllc

llighcst surface brightness regions. Wc also used prilnitivc  circular aperture photometry for our high

rcdshift clusters duc to the lack of spatial illforlnation,  so comparison to those samp]cs  necessitates a

silnilar  reduction method. ‘1’ypica]  errors wllcrc  0.05 in uz — vz, 0,02 in Lz -- yz, 0,03 in V.Z -– y,z and

0.04 in m.z. ‘1’hc following arc remarks to’ photol]lctry  of tllc individual galaxies in the sample:

A rp 81: l“igurc  7 shows the two interacting galaxies tliat lllakc u]) this systcm.  ‘1’llc galaxy labc]cd

E has the photometric signature of regular 1’; galaxy in terms of mean colors and a surface brightness

profile that is pure r1f4.  ‘l’he second galaxy 11 has the appearance of a bared spjral  disturbcc]  by a:,., !
ncigllbor.  At the center, the galaxy has a nuclear llotspot  that,  the uz flltcr indicatcsan  unusual number

of hot stars. ‘l’he region A is also active (blue in nlcan color) but  not within the definition of a. strong

sta,rburst  }J}ICI]O]llCIIOI],  but  rather a buried AGN is i]ldicatcd  (SCC IIushousc  1987).

Arp 112: l~oth galaxies A and 11 dis})lay signatures of a star forn~illg systcm and strong intrinsic

absorption based on their positions in the two color diagralns.

brightness profi]c.  Galaxy H has an irregular profi]c  s}la~)c.

Arp  118 :  l~ot}l  galaxies A al]d ]1 ]lavc  gcllcra]  rlj4 profi]c

‘J’IIc galaxy A has exponential surface

sha~)cs wit]l  some irregularity present.

Colors arc characteristic of a starburst  in its late stages (greater than

known  to harbor a Scyfcrt  type 2 nuc]ci  (Ilippclcil)  1989).

0 8 years). ‘1’hc ccntra]  region is
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Arp 157: Galaxy A appears unobscured, however, galaxy C is hidden behind a dust lane, consistent

with their colors. Both are involved in an intense starburst  event. ‘J’hc  galaxy A has a partly disturbed

r114 profile. ‘J’llc whole system is a luminous lRAS source (Young et al. 1989).

Arp 16!3: IIoth  galaxies I) and C are typical clli])ticals  without any signature of recent  star formation

in their mean colors (see also Schornbert  et al. 1990).  ‘J’hc brightness profiles for both systems are pure

r] i4 (SCC  Figure 8).

Arp 182: !J’he photometry in the w band was disturbed by weather. liowcver, galaxies A and
(., .!

1) SI1OW the prcscncc, hot stars and dust in tllc centers basccl on the redder filters. l’h’c galaxy A ha:l
,

disturbed brig}]tnms  profile, 11 has a r1i4 profile outside tllc il)ncr  5 arcsccs.

Arp 212: Arp 212 is a well-studied starburst  galaxy (1 lcvcrcux  1989) with exponential profile

(disk-like). ‘J’l,c narrow band colors i,,dicatc  a strong starburst  with equally strong dust extinction in

tllc bulge as confirmed by  far-llt  emission.

Arp 223: Although Arp 223 has a disturbed morphology (a classic shell/merger galaxy, sec

Scho]nbcrt  ct al. 1990), its narrow band colors al c silni]ar to a normal elliptical. Given the struc-

tural signatures of a rcccnt merger, Arp 223 is a probable late stage starburst  with a mean age greater

than 108 years.

A rp 278: Unfortunately, the uz observations for this galaxy were lost to weather. IIowcvcr, the

starburst  signature is present in many of the brig}lt  knots embedded in both galaxies based  on v2, & and

yz colors. Knot G has, in comparison to other regions in the interacting system, the highest reddening

due to dust.

A rp 282: ‘J’his  galaxy pair ~lave dramatically different colors. Galaxy A has very blue, star-forming

colors. Galaxy B displays the colors of a reddened clli~)tical,  yet has a disk morphology.

Mrk 309: This galaxy is known in tlIc  literature as a typical Wlt galaxy (Conti  1991) and displays

tllc bluest colors of our sample. It is a blue co]llpact  galaxy with a r 1j4 profi]c. A majority of the

surface a.rca of the ga]axy is invo]vcd  in massive star for]nation.
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Mrk 480: This system is most probably a nlcrgillg  galaxy pair , botl)  disk galaxies based o]~ their

cxponcntia]  profiles. Both  galaxies show fading starburst.  signatures of intermediate ]nass 11 and A stars

(Mazzarclla and 130roson  1993).

Mrk 496: ~’his galaxy has two compact, L]uc nuclei with only moderate intrinsic absorption La.sccl

on very blue uz -- vz colors. ‘]’hc surface brightness profile is exponential in the illtcrior  ancl irrcgu]ar

at ihc edge. ‘1’his  galaxy is an ultraluminous  11{.AS source (log I.lIIR/l.o  == 11.33, Condon et al.  1991).

Figures 9 and 10 display the photometry for the Arp/Mrk sample in the same fashion as 1+’igurcs

1 tltrough  4. The photometry for different apcrturm of the same objects arc conncctcd by lines. Also

shown on the diagrams arc boxes that  out]il)c  t)]e 90!Z0 regions for clli~)ticals,  Scyfcrts  and starburst

galaxies from l’igurcs  3 and 4. ~’llcrc is a small trend of Muc gradicuts  in vz – yz, IAZ – yz al]d 7722.

‘J’lIc  cxccption  to this trend is found in the uz -- vz vs hz - yz diagram where redder uz – V2 indices

arc found for bluer b.z – yz (SCC discussion in 54).

‘J’hc main result from Figures 9 and 10 is that  a )najority  of tllc Arp/Mrk objects occupy tllc salne

region of the two color diagrams that,  tlic starburst  sa.mplc  clcfincd. ~’his confirms our interpretation of

tllc IIarrow  band colors, particularly tllc ntz diflcrcncxx  for starburst galaxies, in tllcir ability to detect

a pl]otomctric  signature of a starhurst  versus A GN activity or normal disk star formatiol]  (constant

Sl~ll.). A significant fraction (25%) have elliptical-like colors and profi]c  shapes (i.e. r 1/4), l)owcvcr,  it

should bc noted that several of the Arp objects appear to bc interactions between clliptica]s  and spiral

disks. ]n l’igurc  10, the elliptical plus starburst t] acks  from F’igurc 5 arc p]ottcd  in the m.z plane (dotted

line corresponding to the equal luminosity moclcl).  Many of the starburst  colors arc consistcl~t  with

ages of 107 years or younger, if notab]c reddening is present, which is in agrccmcnt  with dynamical

models of tl~c star formation history of il]tcracting  galaxies (Mihos  and IIcrnquist  1994). ‘J’hc TILZ vs

U,Z -- vz diagram indicates that nla]~y of the rcd  objects could bc old starbursts with ages of greater

than 108 years, Outside of blue elliptical colors and weak starburst incliccs,  only onc galaxy (Arp

81A ) displays consistent Scyfcrt  colors (Arl)  118, a known Scyfcl  t ‘2, lies on tl]c boundary bet wccn

clliptica]s and Scyfcrts),  2’}]c lack of Scyfcrt  colors is ])robably due to contamination and mixture of
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stellar populations that occurs with the wider aperture sizes compared to the narrower slits of’ the

spectroscopy surveys.

6. Sv’AR1lURW’S AN1) ‘l’lII; llll’I’C1llI;lVOII;  Ml#~;lL lI;FFl;CI’

From the theoretical models in $4 plus the synthetic colors from spcct rophotomctry  and ncw  pho-

t,omctry of Arp/M rk galaxies prcscntcd  in $5, a fair] y consistcn  t pictu  rc is outlined for the phc)tometric.

signature of a starlmrst event, old or new, in a composite stellar population. Although blue vz — yz

and b — yz colors arc found in starburst  galaxies, reddening distorts tllc interpretation of the colors

with respect  to agc and strcngih  of  the burst . ‘J’hc  uz – w or 4000?i index is a good measure for

very you ng st arbu rsts, however, intcrmcdiatc  mass stars produce artificial] y rcd colors (SCC 54). 2’llc

most powerful indicator, as seen in Figure 4, is the ?7ZZ index where a value less than – 0.2 indicates a

starburst  regardless of reddening. The t7Ez index is also the most sensitive to detecting old starbursts

]liddcn  within an elliptical population since i) mcmc sensitive to turnoff stars and CVOIVCS  slowly from

tlic time of the initial burst  (see Figure 5).

l“igurc  11 displays the m.z values for the cllil)ticals, spirals, Scyfcrt and starburst  spcctrophotomctry

of 53 (mean values arc indicated by an arrow at the top of each histogram). Although there is some

overlap in the range of mz values for each galaxy type, the cl]ipticals  have the reddest mz  value of 0.02

and starbursts  fall at the Muc  cnd of –0.29. Spirals and Scyfcrts  have mean values bctwccn –0.05 and

–0.1 O. Also shown in Figure 11 arc the data froln  Rakes and Schombcrt (1 995) for the distant cluster

sample divided into two rcdshift  bins at the top right,  and the z > 0.6 gala,xics divided by Lz — yz

color into rcd and blue galaxies (SCC that paper for a full description of the sample). ‘J’hc llutchcr-

Oc)nlcr galaxies (z > 0.6 blue galaxies in tllc bottom righ{ panel of Figure 11) have a ~ncan color

indistinguishable from the mean for the spiral salnplc. IIowcvcr,  t}lc  distribution of lJutcl]cr-Ocn~lcr

galaxies differs from the normal  spirals distribution by  havil)g  a notable blue  tail. Wc also  note that

tllc bluest  l~utcllcr-Oclnlcr  galaxies arc often tl)c  brightest galaxies in their respective clusters.

‘J’}lc cxtrcmc  blue members of this color distribution must attribute their colors to a starburst  phe-

nomenon  since neither spirals or Scyfcrts  in the low rcdshift samf~lc display these colors. ‘J’his is an
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important distinction since spcctrosc.opy  surveys of distant clusters have isolated ‘at high  fractimi of

cluster .galaxics with strong emission lines  (I)rcsslcr  a]ld Gunn  1983) which offers an altcrnat,ivc  expla-

nation of the Butcher-Ocmlcr effect in terms of either high lCVCIS  of current star formation (i,c.  strong

clnission  from HI1 regions) or increased A(2N pl]cnomcnon  witli  higher rcdshift.  Our U.Z, VZ, Lz, yz filter

systc]n specifically avoids the dominant emission lines in AGN activity and focuses on the underlying

continuum emission from the hot gas and stclla.r  populations. Thus, the lack of agrccmcnt  in m.z with

the Scyfcrt  samp]cs  would discount the AGN effects in favor of strong star formation as the cxJJlanation

for tllc 1 lutchcr-Ocmlcr  effect.

‘J’his  photometric result is consistent with tl)c  rcccnt morplio]ogical  results from 11 S’1’ ilnagillg  of

z == 0.4 clust,crs  by  l)rcsslcr  et al. (1994 a, b). l]) that study it was found that, while some of the Lri.glitcst

blue galaxies showed cvidcncc  of cnhanccd  star formation duc to rtidally  cficcts or mergers, ]nost  of tlic

b]uc cluster galaxies arc normal, late-type spirals and irrcgulars~ ‘J’heir blue colors being duc to normal

star formation rates and histories. ‘1’hc number of clisturbcd  systems, ones which had clearly unclcrgonc

a rcccnt tidal cncountcr  or full merger, is IIighcr  in these distant clusters as compared to prcsc]lt-day

c]ustcr  populations, but rcprcscnt  less than 10% of the cluster population. Drcss]cr  et al. (1994b) a l so

notes that the morphologically disturbed systems arc the briglitcst  blue galaxies, supporting a starlmrst

interpretation for their origin.

‘J’hc  morphological information combined with our photometric results indicated that the color
,?,.

distributioii  of the Ilutcher-Ocmlcr  ga lax ies  ill IJigurc  1 j ‘& duc to two  c o m p o n e n t s .  ‘J’IJc first. is a
,

?’,

scqucnc.c  of morphological y late-t y}>c galaxies with normal star formation rates and histories. “J’hc

second component is a blue tail composed of galaxies with starburst colors and disturbed morpho]ogics.

Wc also note that the uz – TJZ or 4000~  break colors of tllc }ligh rcdshift  blue cluster gal ax ics arc not

as strongly  blue as compared to the continuum colors (e.g. uz -- yz or bz -- yz), ‘1’hc  tl]corctical  models

of l,citllcrcr and IIcckman (1 995) demonstrate that this is tlic  result of a increasil)g  contribution fro]n

intcrmccliate  mass stars (A and 1’ t ypc) as t] LC

break colors when, in reality, t,hc UV flux is still

IIamilton  (1985) olxscrvation  that there is little

starburst  ages. ‘J’his  produces artificially reel 4000~

cluitc  high from young stars. ‘1’his  would also explain,’

evolution in tllc 4000~  break colors  of high rcdshift,
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color- sclcctcd field galaxies in terms of a lack of 11 igh mass

evolution.

7. CON(X/USIONS

O and II stars rather  than a lack of color

ltakos  and Schombcrt  (1995) dcmollstratcd  tl]at llutchcr-OcInler  effect is much more dramatic than

previous thought. Early work on cluster galaxies found blue fractions from 30 to 40% in clusters with

rcdshifts  of 0.4. Rakes and Schombcrt  found fractions of 80’% in clusters at rcdshifts  of 0.9. This is

a. very dominate effect on cluster populations I]ot only in terms of tllc rapid pace of galaxy cvo]ution

as first ohscrved  by llutchcr  and Ocmlcr, but also ill the extent of ~t,hc blue galaxy  population prevails

over the entire cluster population at ]Iigh rcdsllifts  (8070 would imply all present-clay SO’s arc actively

star-forlning  at these cpoc}ls).

l]) this paper we have derived and dcscribcd  the fundamental properties of the u-z, V.Z, In, y.z filter

systcm,  IU particular, WC have demonstrated t]le advalltagc of mz index as a detector of starbursts in

galaxies. Wc then applied this index to establish tllc ~)}lotonlctric  signature of starbursts in interacting

ga lax ies .  q’his method was then app]icd to IIigh rcdsllift  clusters to dc]nonstratc  that the llutcllcr-

Ocmlcr galaxies are due to a mixture of star-forn~il~g  spirals and irregulars plus an addition component

from a small fraction of starburst galaxies.

The following is a summary of our

(1) ‘J’l,c U,Z, VZ, bz,y.z  filter systcm is a

to the placcmcnt of the filter centers in

primary results and interpretations:

robust tool for cxp]oring  the stellar populations in galaxies duc

regions of clcarcr  cvolut,ionary  interpretation. The narrc)w  width

of tl~c filters avoids contaminating emission ]incs  so as to concentrate on the underlying contil~uunl

emission from stellar atmospheres or nontlicrlnal  ctnission.

(2) ‘J’IIc UZ, VZ, L.z, y,z system is relinkcd  to spcctrosc,opy  standards a~ld tile transformations from t}lc

original Str6mgrcn system arc derived. ‘J’lIc rcddcl]ing  cflccts arc outli:lcd  and displayed in l’igurcs  1

and 2.

(3) Using spectrophotomctry  of cllipticals,  spirals, Scyfcrts  and starburst  galaxies

syntllct,  ic UZ, VZ, ~.z, yz indices arc produced a,ncl l)lottcd  on lnulti-co]or  cliagrams.
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occupied by various, galaxies types and the ntz illdcx  is dclnonstra.tcd  as the best illdicator  of starburst

activity.

(4) ‘1’heorct,ica]  lnodcls  from I,citherer  and IIccklnall  arc USCC1 to define the behavior of the w, v2, k, yz

indices with time from t}~c initial starburst.  The inadequacy of the 4000~ break color, uz — V.Z,  is shown

duc to tllc contribution of intermediate mass stars to an agil~g burst. Again, the rnz index is shown to

bc the most sensitive to starburst  activity and for the longest amount of tirnc post-starburst.

(5) Ncw photometry for a sample of Arp and Markarian galaxies is prcscntcd  and confirms the results

fro]n  tlic sy]lthctic  colors that starburst  galaxies IIavc a unique, dctcctab]c  signature  in tllc U.Z, V,Z, Lz, y.z

systcm. Selection by disturbed lnorphology  also collfirlns  i,l)c dynamical argulncllts  for starbursts in

lllcrgcl/illtclactillg  galaxies.

(6) IIircct colnparison  with the photomct,ry  of blue galaxies ill clistant, clusters (z > 0.6) yields tllc

i]ltcrprctation  that the }Iutcllcr-  Ocm]cr  effect is duc primarily to norlna] star formation wit]) a small

component duc to tidally induced starbursts. ‘J’hc rcccnt rcsu]ts  from 11S1’ imaging (1 )rcsslcr  ct al.

1994a,b)  co]lfir]ns  this intcrprct,ation  and suggests that  tlIc llutcllcr-OcInler  effect is a i]ldicator  of

dynalnical  cvo]ution as well as color evolution.
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‘1’able 1. Arp/Markar; an Galaxies
.  . . —  — —  _—
Narnc- - ‘-- R, A”. (1950) ]) CC. Vt,ci

——.
AR]] 81 NGC 6621 ,22  1813 .4  +68 18  6243
ARP 112  NGC 7805,6 2359.9 +-31 17 5125
ART 118 NGC 1143,44 0253.6 –00 17 8531
ARP 157 NGC 520 0123 .0 -10338  2281
ARP 169 NGC 7236 2213 .3  -I 1342 7886
AR]’ 182 NGC 7674 2 3 2 6 . 3  -I 0837  8 6 9 8
ARP 212 NGC 7625 2319.0 +17 04 1633
ARP 223 NGC 7585 2316.4 –04 49 3447
ARP 278 NGC 7253 2218,1 +29 14 4873
AIt}] 282 NGC 169 0035 .3  +23 50 4593
MILK 309 2250.2 -i 2428 12636
MILK 480 1504.7 +42 50 5765
MRK 496 NGC 6090 1610.4 -I 5235 8785

—. ——— ——. —__— — ..—
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Table 2. l’llotornetry  of Arp/Markarian  Galaxies
——. . —. —.—. —

Name 11 U.z – V.2 h – yz VZ -- y.? lnz
——————— ..— — .—

ARl) 81 A  5 0.32
A 10 0.35
1] 5 0.41
D 10 0.37
1; 5 0.90
)3 10 0.93

AIU’ 112A 5 --
A 10 ––
A 20 ––
}1 5 0.53
11 10 0.69
11 20 0.74

AIU)  118A 5 0.65
A 10 0.73
11 5 0.74
11 10 0.7’2

AIU’ 157A 10 0.42
A 15 0.48
A 20 0.53
c 5 ---
c 10 –-

Altl’ 1691] 5 0.60
11 10 0.90
C5 0.62
c 10 0.60

ARY1 82A 3 –-
A5––
A 10 ––
11 3 –-
11 5 –-
11 10 --–

AIW 212 3 ––

:0 :::;
25 0.31

ARP 223 5 0.90
IO 0.85
15 0.82
25 0.78

—-.————-.——__—.

0.24
0.17
0.39
0.34
0.42
0.39
0.52
0.43
0.41
0.59
0.49
0.45
0.37
0.34
0.49
0.42
0.20
0.31
0.31
0.25
0.39
0.44
0.37
0.46
0.37
0.29
0.26
0.25
0.41
0.37
0.32
0.35
0.31
0.26
0.24
0.31
0.30
0.30
0.29

.

0.36 --0.12
0.33 –0.01
0.60 –0.18
0.52 --0.16
0 . 8 4  +-0.00
0.77 –0.01
0.91 –0.18
0.81 --0.05
0.75 –0.07
1.00 –0.18
0.89 -0.09
0.87 –0.03
0.85 + 0.11
0 . 7 3  +-0.05
0.92 –0.06
0.76 --0.08
0.19 –0.21
0.30 -0,32
0.29 –0.33
0.25 -0.25
0.47 --0!31
0.95 -1-0.07
0 . 8 5  +-0.1 1
0 . 9 8  +-0.06
0 . 8 6  +-0.12
0.31 --0.27
0.32 –0.20
0.36 –0.14
0.52 –0.30
0.51 –0.23
0,50 --0.14
0.45 –0.25
0.40 –0.22
0.36 --0.16
0.34 --0.14
0 . 6 3  +-0.01
0.58 –0.01
0.57 --0.03
0.55 –0.03
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‘1’aMc 2. (continued)
_. .—_— _______ ______ . . ___ ._. _ ______

Name 1) UZ -- 2)X Lz – yz ‘V2 -- yz 7?1Z

AIU’ 27811 5 - –
13 10 --
c 5 ---
D 5 ---
1“ 5 ---

G 5 ---
11 5 ---

ARP 282A 3 0.25
A 5 0.35
A 10 0.42
1) 3 0.86
1] 5 0.93
11 10 1.06

hI1tK 309 5 --0.17
10 –0.04
15 0.03
20 0,00

MILK 480A 10 0.62
A 15 0.53
1~ 10 0.44
1) 15 0.49

Ml{l<  496  10  0.13
15 0.20
20 0.24

0.36
0.34
0.47
0.23
0.27
0.78
0.37
0.15
0.13
0.12
0.58
0.59
0.58
0.10
0.13
0.14
0,13
0.14
0.15
0.16
0.16
0.13
0.11
0.12

0.44 –0.28
0.46 –0.22
0.61 -0.33
0.30 ---0.16
0.26 --0.28
1.26 –0.30
0.51 --0.23
0.17 –0.13
0.15 –0.11
0.19 -0.05
1.11 --0.05
1.11 –0.05
1.06 -0.10

- 0 . 0 5  - 0 . 2 5
-0,04 --0 .29
0.02 -0.26
0.07 --0.19
0.06 –0!22
0.13 -0.17
0.11 --0.21
0.13 --0.19
0.05 –0.21
0.04 -0.18
0.06 –0.18
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l&yIIT  Captiol)s

Vigurc  1. Two color diagrams for the Gunn-Strykcr  standard stars. Circles arc lnain scqucncc  stars,

solid symbols arc stars of luminosity class IV and stars arc stars of luminosity class 111. ‘J’hc solid

line represents the position of metal poor stars, scc text. ‘l)hc reddening vector for onc magnitude of

extinction is shown.

Figure 2. The mz  index diagrams for the Gunn-Strykcr  standard stars. Symbols arc the same as Figure

1,

Figure 3. ‘1’wo color diagrams for tl)c  synthetic  colors of galaxies with spcctrophotomctry  from the

literature. q’hc four classes of galaxies; cllipticals,  spirals, Scyferts  and starbursts,  arc shown w;th tllc

reddest objects being cllipticals  and the bluest being Scyfcrts  in continuum  emission. ‘J’hc position of

a }101 star and 3 magnitudes of reddening arc also shown. Note that starburst  galaxies following the

reddening curves from a young or intcrlmcdiate  agc stellar population.

Figure 4. ~’hc 9nz index diagrams for tllc synthetic. colors of galaxies with spcctrophotomctry  from the

literature. Starburst galaxies occupy a specific region in the mz plane with values at least lCSS t h a n

--0.2.

11’igure 5. The starburst models of l,cithcrcr and ]Icckman combined with a typical elliptical population.

~’hrcc  combinations arc shown; equal luminosity bctwccn  elliptical and starburst  maximum (solid ]inc),

onc magnitude fainter for the starburst (dotted lillc), onc magnitude brighter (dashed ]inc). ‘1’hc mz

index is the most sensitive to old starlmrst detection. ‘J’hc 4000~ b r e a k  color,  wz – V.Z is t]lc  least

sensitive to an aging starburst.

Vigurc  6. ‘1’hc starlmrst modc]s of l.cithcrcr  and 1 lcckman  combined with a t ypica]  spiral population.

IJincs arc the same as in Figure 5. ‘J’hc colors of the starlmrst approach norrna] sr)iral  colors in only

5 x 107 yrs.

Figure 7. lsophota]  maps of the Arp/Markarian salnplc.  All images arc y.z band wit]) aperture photonl-

ctry regions from ‘J’able 2 lnarkcd.
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l~igurc  8. Surface brightness profiles for Arp 169 A and 11. Note the r1i4 shape (straight line) typical

for an elliptical galaxy.

Figure 9. ‘1’wo color diagrams for the Arp/Ma,rkarian sample. R.cgions from Figure 3 arc marked for

three galaxy classes: cllipticals,  Seyfcrts  and  starbursts. 1 liffcrcnt  sized apertures arc conncctcd  by

lines.

Figure 10. The mz  diagrams for the Arp/Markarian sample. ‘1’he dotted line is the equal luminosity

starburst  model from Figure 5. Note that a. rnajc)rity  of tlic Arp/Markarian  samp]c  lies in tllc starburst

region of the diagram.

F igure  11 .  IIistograms  for the mz values of clli])ticals,  spria]s,  Scyfcrts  and starburst  galaxies arc

compared to the data from intcrmcdiatc  alld  high  rcdsllift  cluster galaxies, ‘1’hc llutcllcr-Ocnllcr  galaxies

(.z >0.6 blue galaxies) display a similar color distribution to the pmscnt-day  sprial  saln~)lc with an

additional blue tail duc to a small fraction of starbllrst  ga]axics.

‘1’homas  1. Main d]: Astronomischcs  Institut,  University Observatory, Turkcnsc}lanzstrasse  17, A- 1180,

Wicn,  Austria

Karl D. Rakes: Astronomisches  lnstitut,  University observatory, Turkcnschanzstrasse  17, A-1 180, Wien,

Austr ia

James M. Schombcrt:  Astrophysics Division, NASA IIcadquartcrs,  300 1’; St., S. W., Washington, 1).C.

20546
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